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Comparison of HepaRG and HepG?2 cell lines to
model mitochondrial respiratory adaptations
in non-alcoholic fatty liver disease
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Abstract. Although some clinical studies have reported
increased mitochondrial respiration in patients with fatty
liver and early non-alcoholic steatohepatitis (NASH), there
is a lack of in vitro models of non-alcoholic fatty liver
disease (NAFLD) with similar findings. Despite being the
most commonly used immortalized cell line for in vitro
models of NAFLD, HepG2 cells exposed to free fatty acids
(FFAs) exhibit a decreased mitochondrial respiration. On the
other hand, the use of HepaRG cells to study mitochondrial

Correspondence to: Dr Otto Kucera, Department of Physiology,
Charles University, Faculty of Medicine in Hradec Kralove,
Simkova 870, 500 03 Hradec Kralove, Czech Republic

E-mail: kucerao@Ifhk.cuni.cz

Abbreviations: BSA, bovine serum albumin; CPTIA, carnitine
palmitoyltransferase 1A; CS, citrate synthase; DGAT?2, diacylglycerol
O-acyltransferase 2; ECAR, extracellular acidification rate; FASN,
fatty acid synthase; FCCP, carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone; FFA, free fatty acid; HADHA, hydroxy acyl-CoA
dehydrogenase trifunctional multienzyme complex subunit alpha;
LCAD, acyl-CoA dehydrogenase; LDH, lactate dehydrogenase;
MMP, mitochondrial membrane potential; MRC, maximal
respiratory capacity; NADH, nicotinamide adenine dinucleotide;
NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic
steatohepatitis; OA, sodium oleate; OCR, oxygen consumption rate;
OXPHOS, oxidative phosphorylation; PA, sodium palmitate; PC,
palmitoyl-carnitine; PPARA, peroxisome proliferator-activated
receptor alpha gene; PPARGCIA, peroxisome proliferator-activated
receptor gamma coactivator 1-alpha; PRH, primary rat hepatocytes;
ROS, reactive oxygen species; TAG, triacylglycerol; TEM,
transmission electron microscopy

Key words: non-alcoholic fatty liver disease, steatosis, lipotoxicity,
HepaRG cells, HepG2 cells, in vitro models, mitochondria,
mitochondrial respiration

respiratory changes following exposure to FFAs has not yet
been fully explored. Therefore, the present study aimed to
assess cellular energy metabolism, particularly mitochondrial
respiration, and lipotoxicity in FFA-treated HepaRG and
HepG2 cells. HepaRG and HepG?2 cells were exposed to FFAs,
followed by comparative analyses that examained cellular
metabolism, mitochondrial respiratory enzyme activities,
mitochondrial morphology, lipotoxicity, the mRNA expres-
sion of selected genes and triacylglycerol (TAG) accumulation.
FFAs stimulated mitochondrial respiration and glycolysis in
HepaRG cells, but not in HepG2 cells. Stimulated complex I,
II-driven respiration and 3-oxidation were linked to increased
complex I and II activities in FFA-treated HepaRG cells, but
not in FFA-treated HepG2 cells. Exposure to FFAs disrupted
mitochondrial morphology in both HepaRG and HepG2 cells.
Lipotoxicity was induced to a greater extent in FFA-treated
HepaRG cells than in FFA-treated HepG2 cells. TAG accu-
mulation was less prominent in HepaRG cells than in HepG2
cells. On the whole, the present study demonstrates that stimu-
lated mitochondrial respiration is associated with lipotoxicity
in FFA-treated HepaRG cells, but not in FFA-treated HepG2
cells. These findings suggest that HepaRG cells are more
suitable for assessing mitochondrial respiratory adaptations in
the developed in vitro model of early-stage NASH.

Introduction

The incidence of non-alcoholic fatty liver disease (NAFLD)
continues to increase, mainly due to the increased prevalence
of metabolic syndrome, thus rendering NAFLD the most
common chronic liver disorder globally (1). It may affect
70-90% of the diabetic population and up to 70% of obese
individuals (1). It has also been reported to affect up to 37%
of obese children (2). NAFLD includes a spectrum of histo-
logical findings ranging from simple steatosis to non-alcoholic
steatohepatitis (NASH), liver cirrhosis and hepatocellular
carcinoma (3). Of note, ~37% of adult patients with simple
steatosis will develop NASH, which is strongly associated with
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more detrimental outcomes (4). Although there are contradic-
tory findings regarding the role of mitochondrial dysfunction
in the pathogenesis and progression of NAFLD, a substantial
body of evidence supports impaired mitochondrial adapta-
tion as a crucial component (5,6). Hepatic oxidative functions
are essential in maintaining energy and cellular homeostasis
through multiple pathways: f-oxidation, the tricarboxylic
acid (TCA) cycle, respiratory chain activity, ketogenesis,
glycolysis and ATP synthesis (7,8). Disruptions in these path-
ways may lead to an impaired energy homeostasis, resulting
in aberrant liver functions (5). Although some clinical studies
have reported increased mitochondrial respiration in patients
with simple steatosis and early-stage NASH (9,10), there is
a lack of in vitro models of NAFLD demonstrating similar
findings (11-13).

Despite the increasing trend to publish 3D or 2D coculture
in vitro models of NAFLD, the systematic review by
Ramos er al (13) demonstrated that up to 60% of researchers
still predominantly favor 2D monocultures. The use of
primary human hepatocytes is ethically and economically
limited; thus, primary rodent hepatocytes and immortalized
cell lines are attractive for developing 2D in vitro models
for NAFLD, evaluating cellular metabolism and assessing
potential therapeutic compounds (14). HepG2 cells have been
the most common immortalized cell line used for 2D in vitro
models of NAFLD (12). However, studies have demonstrated
that decreased mitochondrial respiration observed in free fatty
acid (FFA)-treated HepG2 cells was not optimally associated
with findings from patients diagnosed with simple steatosis
or early-stage NASH, but instead was associated more with
late stages of NASH (15-17). In addition, studies have also
shown that HepG2 cells have a decreased ability to secrete
very low-density lipoproteins, and they exert a low expression
of some nuclear receptors, affecting lipid metabolism (18,19).
On the other hand, HepaRG cells have exhibited similar func-
tional aspects to primary human hepatocytes and may offer
the opportunity to be used in energy metabolism studies (20).
Therefore, it was hypothesized that in vitro models of
NAFLD using HepaRG cells may be preferable for assessing
mitochondrial respiratory changes.

The most important hallmark of NAFLD is lipid accumu-
lation in the liver (21). Since oleic and palmitic acids are the
most abundant FFAs in the serum of patients with NAFLD;
they are commonly used to induce steatosis in in vitro models,
usually at a ratio of 2/1 (13,22). Clinical studies have demon-
strated that patients with NAFLD have an increased capacity
to mobilize FFAs from adipose tissue to the liver, particularly
when they suffer from insulin resistance (23,24). Despite the
current debates about the sequence of events, it is well-docu-
mented that the chronic dysregulation of lipid homeostasis in
hepatocytes leads to the increased production of toxic lipid
intermediates, resulting in altered mitochondrial functions
and lipotoxic effects (oxidative stress, insulin resistance,
inflammation and hepatocyte injury) (25,26).

The present study aimed to assess cellular energy metabo-
lism, particularly mitochondrial respiration and lipotoxicity in
FFA-treated HepaRG and HepG?2 cells. The findings presented
herein may enable a more appropriate use of these 2D in vitro
models regarding the changes in mitochondrial respiratory
adaptations in the pathogenesis of NAFLD.

Materials and methods

Cells and cell culture. HepaRG cells (HRP101, liver cancer
cells) were purchased from Biopredic International and cultured
at a density of 26,600 cells/cm? as previously described (27).
The cells were cultured in proliferation medium [William's E
Medium (Lonza Group, Ltd.) supplemented with 5 pg/ml
insulin, 50 uM hydrocortisone, 1% L-glutamine, 1% mixture
of penicillin (10,000 UI/ml), streptomycin (10 mg/ml) and
10% fetal bovine serum] for 14 days. After that, the cells were
cultured in proliferation medium supplemented with 1.5%
dimethyl sulfoxide for a further 14 days. The cells were incu-
bated at 37°C in a 5% CO,, 95% air-humidified atmosphere,
and the medium was changed three times a week. HepaRG
cells were then trypsinized and seeded in various well plates
according to recommended densities (Biopredic International)
and allowed to attach for 24 h (in proliferation medium) before
free fatty acid treatments were applied.

HepG2 cells (ECACC85011430, liver cancer cells) were
purchased from ECACC, and cultured in Minimum Essential
Medium (Merck Life Science UK, Ltd.) supplemented with
1% non-essential amino acids, 10% fetal bovine serum, a
1% mixture of penicillin (10,000 UI/ml) and streptomycin
(10 mg/ml) and 1% sodium pyruvate. The cells were incubated
at 37°C in a 5% CO,, 95% air-humidified atmosphere and
passaged once a week at 75% confluency. HepG2 cells were
also allowed to attach for 24 h prior to exposure to FFAs.

Preparation of FFA treatments. Sodium oleate (OA) and
sodium palmitate (PA) were purchased from Merck & Co.,
Inc. As previously described (28), 40 mM stock solutions of
OA and PA were first prepared in 0.1 M NaOH (Merck &
Co., Inc.), followed by conjugation to bovine serum albumin
(BSA) (Merck & Co., Inc.). OA was dissolved at 40°C for
20 min and PA at 70°C for 30 min; the stock solutions were
stored at -80°C for no more than 3 months. To prepare conju-
gations of FFAs and BSA, 40 mM stock solutions of OA and
PA were dissolved and mixed with 20% BSA for 1 h to yield
8-mM stock solutions (pH 7.4). They were further dissolved
in the culture medium (without fetal bovine serum) to yield
the concentrations needed to treat cells. The 8-mM stock
solutions were sterile-filtered prior to use. The molar ratio
between FFAs and BSA was 5.3, and 2.5% BSA was used as
the control. BSA is used in various studies as a control (15,28).
Unless otherwise indicated, in all the methods described
below, the cells were treated with 1 mM OA/PA (2/1) and
2 mM OA/PA (1/1) for 24 h.

Analysis of cellular metabolism in non-permeabilized cells.
The extracellular flux analyzer Seahorse XFe-96 (Agilent
Technologies, Inc.) was used to measure the cellular metabo-
lism of non-permeabilized cells. Prior to the measurement,
the culture media containing FFAs were replaced with
assay medium [bicarbonate-free XF DMEM pH 7.4 (Agilent
Technologies, Inc.) supplemented with 4 mM L-glutamine,
1 mM pyruvate and 1 g/l D-glucose] and the cells were incu-
bated in a CO,-free incubator for 1 h at 37°C. The seeding
density was 20,000 cells per well (HepaRG and HepG2
cells) and 10,000 per well (primary rat hepatocytes) (PRH)
(Data S1). Two types of tests were used as follows:
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i) Mito stress test: Following the measurement of basal
respiration, a mitochondrial stress test was performed by
sequential additions of 1 yM oligomycin, 1.2 uM carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP), and
1 uM rotenone and antimycin A. Differences between oxygen
consumption rate (OCR) values in response to respiratory
modulators were used to calculate various mitochondrial
parameters (basal, and maximum respiration, ATP-linked
respiration, spare respiratory capacity, and proton leak respira-
tion). The Mito stress test was performed in HepaRG, HepG2
cells and PRH.

ii) Glycolytic rate assay: To describe changes in glycolytic
parameters, the basal acidification rate represented as the
proton efflux rate was measured, and the maximal glycolysis
was then induced by 1 #M rotenone and antimycin A followed
by the addition of 20 mM 2-deoxyglucose as a glycolysis inhib-
itor. The glycolytic rate assay was performed only in HepaRG
and HepG2 cells. All calculated parameters were normalized
to the total protein concentration (BCA assay, Thermo Fisher
Scientific, Inc.). Unless stated otherwise, the materials used in
both tests were purchased from Merck & Co., Inc.

Analysis of mitochondrial respiration in permeabilized cells.
As previously described (29), cell culture media with FFAs
were replaced with mitochondrial assay solution (70 mM
sucrose, 220 mM mannitol, 10 mM KH,PO,, 5 mM MgCl,,
2 mM HEPES, 1 mM EGTA, 0.2% BSA and 4 mM ADP, pH
adjusted with 10 M KOH to 7.4 at 37°C) before measuring the
respiratory activity in permeabilized cells using the Seahorse
XFe96 analyzer. Cellular permeabilization was performed
using the recombinant perfringolysin-O (XF-PMPR, Agilent
Technologies, Inc.) at a final concentration of 1 nM prior to
measurement (permeabilization allowed substrates to enter
the cells). Complex I-driven respiration was stimulated
by the addition of 10 mM pyruvate with 1 mM malate or
10 mM glutamate with 1 mM malate. Complex II-driven
respiration was stimulated by adding 10 mM succinate with
10 uM rotenone. f-oxidation was stimulated by adding
40 uM palmitoyl-carnitine (PC) with 1 mM malate. After
measuring the OCR in the basal state, 1.5 M oligomycin was
injected, followed by the addition of 4 yM FCCP and 1 yuM
antimycin A. Differences between OCR values in response to
respiratory modulators were used to calculate various mito-
chondrial parameters [oxidative phosphorylation (OXPHOS,
state 3), maximal respiratory capacity (MRC, state 3u) and
LEAK (state 40)] as previously described (30). The seeding
density was 20,000 cells per well. Unless stated otherwise, the
materials used here were purchased from Merck & Co., Inc.

Preparation of cellular homogenates. According to a previ-
ously described protocol (31), the cells were washed and
harvested in phosphate-buffered saline using a cell scraper
(Kisker Biotech GmbH & Co. KG). Following centrifugation
(1,000 x g, 4°C, 5 min) the phosphate-buffered saline was
discarded, and the cell pellets were immediately frozen at
-80°C. The following day, on the day of the measurements,
cell pellets were suspended in 20 mM hypotonic potassium
phosphate buffer (pH 7.5), followed by four circles of freeze
and thaw. The lysate was made homogenous by passing and
expelling it several times through a 26 G syringe (B. Braun).

Measurement of mitochondrial respiratory enzyme activi-
ties. According to the previously described protocols (31,32),
freshly homogenized cells were used to measure the activity
of mitochondrial respiratory enzymes. Citrate synthase (CS)
activity was measured in an assay mixture containing 100 mM
potassium phosphate (pH 8), Triton X-100 0.1%, 0.1 mM
5,5'-dithiobis-(2-nitrobenzoic acid), 0.3 mM acetyl-CoA
and 0.5 mM oxaloacetate. The activity was calculated from
the linear increase in 5,5'-dithiobis-(2-nitrobenzoic acid)
absorbance at 412 nm for 10 min. Complex I was measured
in an assay mixture containing 25 mM potassium phosphate
(pH 7.8), 3.5 g/1 BSA, 80 uM 2 ,6-dichloroindophenol, 70 pM
decyl-ubiquinone, 2 mM EDTA, 10 M antimycin A and
0.2 mM nicotinamide adenine dinucleotide (NADH). 10 uM
rotenone was used to inhibit the complex I. The activity of
complex [ was calculated from the linear decrease in 2,6-dichlo-
roindophenol absorbance at 600 nm for 5 min. Complex II was
measured in an assay mixture containing 80 mM potassium
phosphate (pH 7.8), 1g/1 BSA, 60 uM 2 ,6-dichloroindophenol,
50 uM decyl-ubiquinone,2 mM EDTA, 10 #M antimycin A and
20 mM succinate. 0,5 mM thenoyltrifluoroacetone was used to
inhibit the complex II. The activity of complex II was calculated
from the linear decrease in 2,6-dichloroindophenol absorbance
at 600 nm for 10 min. Complex III activity was measured in an
assay mixture containing 25 mM potassium phosphate (pH 7.6),
50 uM decyl-ubiquinol, 2 mM EDTA, 4 mM sodium azide,
0.05% Tween-20, and 50 M cytochrome c. 10 yM antimycin A
was used to inhibit complex III. The activity of complex I1I was
calculated from the linear increase of cytochrome ¢ absorbance
at 550 nm for 10 min. Decyl-ubiquinol was freshly prepared by
dissolving decyl-ubiquinone in acidified ethanol at pH 4, then
reduced by the addition of a few grains of sodium borohydride
and vortexed till the solution became colorless. Complex IV
activity was measured in an assay mixture containing 30 mM
potassium phosphate (pH 7.4), and 50 uM freshly reduced cyto-
chrome c. A total of 4 mM sodium azide was used to inhibit
complex IV. The activity of complex IV was calculated from
the decrease of cytochrome ¢ absorbance at 550 nm for 10 min.
Complex I-IV activities were normalized to CS activity. Unless
stated otherwise, the materials used here were purchased from
Merck & Co., Inc. All absorbances were quantified using Tecan
Infinite M200 (Tecan Group, Ltd.).

Transmission electron microscopy (TEM). The cells were
prepared for TEM as previously described (33). After washing
the cells with 0.1 M cacodylate buffer (pH 7.2, Merck & Co.,
Inc.), the cells were fixed directly on the culture flask for 3 h
at room temperature in 3% glutaraldehyde (diluted in 0.1 M
cacodylate buffer, pH 7.2; Merck & Co., Inc.). Subsequently,
the cells were washed in 0.1 M cacodylate buffer (pH 7.2)
and post-fixed in 1% osmium tetroxide for 1 h at room
temperature. After rinsing, the cells were dehydrated in
graded alcohols (50, 75, 96 and 100%), then clarified in
propylene oxide and embedded in a mixture of Epon 812 and
Durcupan (polymerization for 3 days at 60°C; Merck & Co.,
Inc.). Semi-thin sections were stained by 1% toluidine blue
(for 3 min at 60°C; Merck & Co., Inc.). Ultrathin sections
were cut using Ultrotome Nova (LKB). The sections were
collected onto formvar carbon-coated copper grids, counter-
stained with uranyl acetate and lead citrate, and then finally
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examined under JEOL JEM-1400Plus TEM (120 kV; JEOL,
Ltd.). Images were obtained with the integrated 8Mpix CCD
camera and processed further using the software TEM Center
(Ver. 1.7.3.1537, JEOL, Ltd.).

Lactate dehydrogenase (LDH) assay. To evaluate plasma
membrane integrity, the LDH assay kit (Diagnostic Systems
GmbH) was used to quantify LDH activity in cell culture
medium and cell lysates according to the manufacturer's
instructions. LDH leakage was then calculated from the LDH
activities in the cell culture medium and the cell lysates.

Caspase assays. To detect the activity of the effector caspase-3
and the mitochondrial pathway initiator caspase-9, fluores-
cent probes purchased from Life Sciences, Inc. were used.
The substrates for caspase-3 and -9 are Ac-DEVD-AMC
(Aex=360 nm, Aem=465 nm) and Ac-LEHD-AMC
(Aex=350 nm, Aem=450 nm), respectively. Activated caspase
enzymes cleave these substrates to release fluorescent AMC,
which is then detected using a fluorescent plate reader (Tecan
Infinite M200; Tecan Group, Ltd.). The cells were lysed in lysis
buffer (50 mM HEPES, 5 mM CHAPS and 5 mM DTT) and
stored at -80°C. The cell culture medium was also collected and
stored at -80°C. The samples containing the aforementioned
substrates were quantified in assay buffer (20 mM HEPES, 0.1%
CHAPS,5 mM DTT and 2 mM EDTA). Data were normalized
to the protein concentration (BCA reducing agent compatible
assay, Thermo Fisher Scientific, Inc.). Unless stated otherwise,
the materials used here were purchased from Merck & Co., Inc.

Measurement of reactive oxygen species (ROS) production.
CM-H,DCFDA (Invitrogen; Thermo Fisher Scientific, Inc.)
was used to evaluate the increased production of ROS. Its
acetate groups are cleaved by intracellular esterases followed
by subsequent oxidation yielding a fluorescent adduct
(hex=485 nm, and Aem=>535 nm) that is trapped inside the
cells. In brief, the HepaRG and HepG2 cells were incubated at
room temperature with the indicator for 30 min (10 and 40 xM,
respectively). The cells were washed with phosphate-buffered
saline, and fluorescence was quantified using a fluorescent
plate reader (Tecan Infinite M200; Tecan Group, Ltd.). Data
were normalized to the protein concentration (BCA assay,
Thermo Fisher Scientific, Inc.).

Measurement of mitochondrial membrane potential (MMP).
MMP was quantified using the JC-1 fluorescent probe
(Invitrogen; Thermo Fisher Scientific, Inc.) as previously
described (34).JC-1 is a membrane-permeable cationic dye that
exhibits potential-dependent accumulation in the mitochon-
dria. At a higher MMP, it forms red fluorescence (Aex=485 nm,
and Aem=590 nm), and at a lower MMP, it exhibits green fluo-
rescence (hex=485 nm, and Aem=525 nm). Briefly, the cells
were incubated at room temperature with 20 M JC-1 probe
for 30 min, and after rinsing with cell culture medium, MMP
was quantified using a fluorescent plate reader (Tecan Infinite
M?200; Tecan Group, Ltd.). Data are expressed as the red/green
fluorescence ratio.

Oil Red O staining and triacylglycerol (TAG) quantification.
To visualize TAG accumulation, the cells were stained with Oil

Red O (Merck & Co., Inc.). The FFA-treated cells were fixed
with 4% paraformaldehyde for 15 min at room temperature.
Following fixation, the cells were stained with 0.5% Oil Red O
for 15 min at room temperature before being observed under
a light microscope (magnification, x40). According to the
manufacturer's instructions, the TAG content was quantified
using a TAG assay kit (Cayman Chemical Company). In brief,
the attached cells were harvested from the cell culture plates
using cell scrappers (Kisker Biotech GmbH & Co. KG), and
where appropriate, detached cells were collected (940 x g, 4°C,
5 min) from the culture media. Subsequently, all collected cells
were sonicated and stored at -80°C until spectrophotometric
analyses. Data were normalized to protein concentration (BCA
assay, Thermo Fisher Scientific, Inc.) or cell number.

RNA isolation and reverse transcription-quantitative
polymerase chain reaction (RT-gPCR). Total cellular RNA
was extracted using TRIzol® reagent (Invitrogen; Thermo
Fisher Scientific, Inc.) from the FFA-treated cells. RNA was
reverse transcribed using a cDNA Reverse Transcription
kit (Applied Biosystems; Thermo Fisher Scientific, Inc.).
The gene expression levels of fatty acid translocase (CD36),
diacylglycerol O-acyltransferase 2 (DGAT?2), peroxisome
proliferator-activated receptor gamma coactivator 1-alpha
(PPARGCI1A), carnitine palmitoyltransferase 1A (CPT1A),
peroxisome proliferator-activated receptor alpha gene
(PPARA), hydroxy acyl-CoA dehydrogenase trifunctional
multienzyme complex subunit alpha (HADHA), fatty acid
synthase (FASN) and acyl-CoA dehydrogenase (LCAD)
were quantified using the TagMan Gene Expression probes,
Hs00354519_m1, Hs01045913_m1, Hs00173304_ml,
Hs00912671_m1, Hs00947536_m1, Hs00426191_ml,
Hs01005622_m1 and Hs00155630_ml, respectively. The
exact primer and probe sequences for our TagMan Assays
are proprietary; thus, the primer/probe sequences cannot be
shared. However, the manufacturer provides the ‘Context
Sequence’, which shows the sequence information of the
probe and the amplicon of a TagMan Assay (Table SI). Gene
expression was analyzed using the Quant Studio 6 real-time
PCR system (all obtained from Applied Biosystems; Thermo
Fisher Scientific, Inc.). Data were normalized to polyubiquitin
C RNA expression. mRNA levels were calculated using the
comparative Cq method (2-AACq method) (35).

Statistical analysis. All experiments consisted of a minimum of
three independent replicates. Statistical analysis was performed
using GraphPad Prism 9.2.0 (GraphPad Software Inc.). Data are
expressed as the mean + SD. Following normality tests, two-way
ANOVA followed by Tukey's post hoc multiple comparison
tests was used to assess significance among groups in different
cell lines. One-way ANOVA followed by Dunnett's post hoc
multiple comparison tests was used to determine significance
among groups in each cell line. A P-value <0.05 was considered
to indicate a statistically significant difference.

Results
FFAs stimulate mitochondrial respiration and glycolysis in

HepaRG cells, but not in HepG?2 cells. Given that compared to
cell lines, primary hepatocytes are considered a ‘gold standard’
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for cellular metabolism studies (36), the present study began
by comparing mitochondrial respiration between PRH, and
HepaRG and HepG2 cell lines following exposure to FFAs
(the isolation process of the PRH is explained in Data S1).
Firstly, the preliminary data from mitochondrial respira-
tory parameters calculated from OCR demonstrated that the
FFA-treated PRH had a significantly lower basal respiration,
maximal respiration, spare respiratory activity, proton leak
and ATP-linked respiration, all compared to the FFA-treated
HepaRG cells (P<0.001) (Fig. S1). On the contrary, no signifi-
cant differences were found in the calculated mitochondrial
parameters between the FFA-treated PRH and HepG2 cells.
The study by Geng et al (28) demonstrated that the PRH and
HepG?2 cells had corresponding responses, including similar
mitochondrial respiration after exposure to palmitic acid. As
both the PRH and HepG2 cells exhibited a similar response
concerning mitochondrial respiratory parameters following
exposure to FFAs, the present study focused on comparing
the HepaRG and HepG2 cells, particularly since they are both
human liver cancer cells.

Althoughitis essential to study TAG accumulation and lipo-
toxicity caused by OA, PA, or combinations, assessing cellular
metabolism to develop representative 2D in vitro models of
NAFLD is equally vital. The present study primarily focused
on evaluating the OCR and extracellular acidification rate
(ECAR) following the exposure of the HepaRG and HepG2
cells to 1 mM OA/PA (2/1) and 2 mM OA/PA (1/1). It was
established that compared to the FFA-treated HepG2 cells, the
FFA-treated HepaRG cells had a significantly increased basal
respiration (P<0.01), maximal respiration (P<0.01), spare respi-
ratory activity (P<0.01), proton leak (P<0.001) and ATP-linked
respiration (P<0.001) (Fig. 1). Accordingly, compared to the
control, the mitochondrial parameters stated above were all
significantly increased in the FFA-treated HepaRG cells. By
contrast, these mitochondrial parameters were significantly
decreased in the FFA-treated HepG2 cells compared with the
control (apart from the proton leak at 1 mM) (Fig. 1).

As glycolysis is also an essential pathway in cellular metab-
olism (37), the present study measured the basal acidification
caused by glycolysis. It was found that glycolysis parameters
calculated from ECAR demonstrated that compared to the
FFA-treated HepG2 cells, the FFA-treated HepaRG cells had
significantly increased basal and compensatory glycolysis
(P<0.001; Fig. 2A-C). Subsequently, compared to the control,
the aforementioned glycolysis parameters were significantly
increased in the FFA-treated HepaRG cells (P<0.05). By
contrast, these glycolysis parameters were significantly
decreased in FFA-treated HepG2 cells compared with control
(P<0.001). The data from OCR and ECAR in both cell lines
are summarized in a bioenergetic map shown in Fig. 2D.

FFAs increase complex I and II-driven respiration, and
p-oxidation in HepaRG cells, but not in HepG2 cells. Having
established that FFA stimulates mitochondrial respiration
in HepaRG cells, but not in HepG2 cells, the present study
then investigated which pathway leading into the Q-junction
may be responsible for causing these outcomes. Our previ-
ously published studies on mouse models of NASH revealed
a decreased complex II-driven respiration (38,39). Therefore,
the present study evaluated OXPHOS, MRC and LEAK

respiration in the presence of complex I-driven respiration
substrates [pyruvate/malate and glutamate/malate (Fig. S2),
complex II-driven respiration substrate (succinate), and
p-oxidation substrates (PC/malate)]. It was found that
compared to the FFA-treated HepG?2 cells, the FFA-treated
HepaRG cells exhibited a significantly increased OXPHOS
[apart from 1 mM OA/PA (2/1) B-oxidation] and MRC in the
presence of complex I substrates and -oxidation (Fig. 3).
Accordingly, in comparison to the controls, the data revealed
stimulated complex I, IT and B-oxidation driven OXPHOS in
the FFA-treated HepaRG cells (P<0.05; Fig. 3B). On the other
hand, the findings confirmed significantly decreased complex I,
IT and -oxidation-driven OXPHOS in the FFA-treated HepG2
cells, all compared to the respective controls. The data also
revealed that complex I-driven respiration (Figs. 3 and S2) and
[-oxidation caused the highest LEAK respiration [>1.8-fold in
the HepaRG cells exposed to 1 mM OA/PA (2/1)]. However,
complex II-driven respiration in the HepaRG cells exposed
to 1 mM OA/PA (2/1) did not significantly increase LEAK
respiration, as shown in Fig. 3D.

The activity of complexes I and Il is increased in FFA-treated
HepaRG cells, but not in FFA-treated HepG?2 cells. As
other downstream mitochondrial respiratory enzymes and
the mitochondrial content may also influence complex I,
II-driven respiration and [-oxidation (31,40), the present
study measured the activity of complexes I, II, III, IV and
CS enzymes. It was confirmed that compared to the HepG2
cells, the HepaRG cells exhibited a 20+4% (P<0.001) greater
activity of CS [a marker of mitochondrial content (41)]
(Fig. 4A). Following treatment of the HepaRG cells with FFAs,
their CS activity significantly decreased by 15+5% compared
to the controls. By contrast, compared to the controls, the
FFA-treated HepG2 cells demonstrated a 17+5% increase in
CS activity (P<0.05). Notably, the activity of complex I was
~T7-fold higher in the control HepG2 cells than in the control
HepaRG cells (Fig. 4B). A high complex I activity is necessary
for the proliferation of some cancer cells (42). In the present
study, overall, complex I and II activity in the FFA-treated
HepaRG cells was significantly increased (P<0.05) [apart from
complex I in 1 mM OA/PA (2/1)]. On the contrary, compared
to the controls, complex I and II activities were signifi-
cantly decreased in the FFA-treated HepG2 cells (P<0.05).
There was no significant difference in complex III activity
compared to the control groups of both cell lines. As shown
in Fig. 4D, there was no significant difference in complex III
activity between the control and FFA-treated HepaRG cells.
By contrast, compared to the controls, complex III activity
was significantly decreased in the FFA-treated HepG2 cells
(P<0.05). Of note, complex IV activity in the HepaRG cells
was ~2.3-fold higher compared to the HepG2 cells (Fig. 4E).
Complex IV plays a key role in OXPHOS, and HepaRG cells
depend more on OXPHOS than HepG2 cells (43). There was
no significant difference in complex IV activity between the
control and FFA-treated HepaRG cells. On the other hand, in
the HepG2 cells, complex IV activity in 2 mM OA/PA (1/1)
was significantly decreased compared to the controls (Fig. 4E).

Exposure to FFAs disrupts the mitochondrial morphology
of both HepaRG and HepG?2 cells. Given that exposure to
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Figure 1. Calculated parameters of mitochondrial respiration in non-permeabilized HepaRG and HepG2 cells following exposure to free fatty acids.
(A) Ilustration of measurements that were performed, (B) basal respiration [1-4], (C) maximal respiration [3-4], (D) spare respiratory capacity [(3-1)-4],
(E) proton leak [2-4], (F) ATP production-linked respiration [(1-2)-4]. Data are expressed as the mean + SD. Statistical analyses were carried out using two- and

ok

one-way ANOVA followed by Tukey's and Dunnett's post hoc tests, respectively. ‘P<0.05, “P<0.01 and ““P<0.001. ns, not significant (n=32, B-F). OCR, oxygen
consumption rate; OA, oleate; PA, palmitate; BSA, bovine serum albumin; Oligo, oligomycin; FCCP, carbonyl cyanide-p-trifluoromethoxyphenylhydrazone;

Rot, rotenone; A, antimycin A.

FFAs may be associated with alterations in mitochondrial
morphology (5), the present study used TEM to evaluate the
number, size and ultrastructure of the mitochondria among all
groups (control and FFA-treated cells). In addition, TEM was
also used to evaluate the number and size of lipid droplets. It
was found that the control HepG2 cells had fewer large mito-
chondria than the control HepaRG cells (Fig. 5). Exposure to
FFAs altered the number, size and ultrastructure of the mito-
chondria in both HepaRG and HepG2 cells. Compared to the
controls, HepaRG cells exposed to 1 mM OA/PA (2/1) exhib-
ited smaller mitochondria with moderately disordered cristae.
As shown in Fig. 5A, compared to the controls, HepaRG cells
exposed to 2 mM OA/PA (1/1) also had smaller mitochondria,

but with more disorganized cristae and dilutions of the matrix.
Compared to the controls, the FFA-treated HepG2 cells exhib-
ited numerous smaller mitochondria with disordered cristae
and dilutions of the matrix, particularly following exposure
to 2 mM OA/PA (1/1) (Fig 5B). In addition, it was confirmed
that the quantity and size of lipid droplets increased with the
concentrations of FFA in both cell lines (Fig. 5).

Lipotoxicity is induced to a greater extent in FFA-treated
HepaRG cells than in FFA-treated HepG2 cells. As alterations
in mitochondrial respiration and morphology are linked to lipo-
toxicity (5,44,45), the present study then evaluated the markers
of cell death, mitochondrial damage and ROS production in
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Figure 4. Activities of mitochondrial respiratory enzymes in HepaRG and HepG2 cells following exposure to free fatty acids. (A) CS activity, (B) CI activity,
(C) CII activity, (D) CIII activity, (E) CIV activity. Data are expressed as the mean + SD. Statistical analyses were carried out using two- and one-way ANOVA

followed by Tukey's and Dunnett's post hoc tests, respectively. "P<0.05, “P<0.01 and
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P<0.001. ns, not significant; (n=4). CS, citrate synthase; CI, complex I;

CII, complex II; CIII, complex I1I; CIV, complex IV; OA, oleate; PA, palmitate; BSA, bovine serum albumin.

both cell lines following exposure to FFAs. It was found that
compared to the FFA-treated HepG2 cells, the FFA-treated
HepaRG cells exhibited a significantly increased LDH leakage,
caspase-3 activity and ROS production (P<0.001), as shown in
Fig. 6A-D. In addition, the data presented in Fig. 6E revealed

a decreased MMP in FFA-treated HepaRG cells compared to
FFA-treated HepG2 cells (P<0.01). Subsequently, compared to
the controls, a significantly increased LDH leakage, caspase-3
activity, caspase-9 activity and ROS production were observed
in the FFA-treated HepaRG cells. Notably, no significant
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Figure 5. Transmission electron microscopy images of HepaRG and HepG2 cells following exposure to free fatty acids. The control HepG2 cells had fewer
large mitochondria than the control HepaRG cells. FFA exposure altered the number, size and ultrastructure of the mitochondria in both HepaRG and HepG2
cells. (A) Compared to the controls, HepaRG cells exposed to 1 mM OA/PA (2/1) had smaller mitochondria with moderately disordered cristae. Compared to
the controls, the HepaRG cells exposed to 2 mM OA/PA (1/1) also had smaller mitochondria, but with more disorganized cristae and dilutions of the matrix.
(B) Compared to the controls, FFA-treated HepG2 cells had numerous smaller mitochondria with disordered cristae and dilutions of the matrix, particularly
following exposure to 2 mM OA/PA (1/1). In addition, it was confirmed that the quantity and size of lipid droplets increased with the concentrations of FFA
in both cell lines. OA, oleate; PA, palmitate; BSA, bovine serum albumin; N, nucleus. The scale bar of all images on the left panel of (A and B) is 2 ym. The
scale bar of all images on the right panel of (A and B) is 500 nm.
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Figure 6. Lipotoxic effects of free fatty acids on HepaRG and HepG2 cells. (A) LDH leakage, (B) caspase-3 activity, (C) caspase-9 activity in HepaRG cells,
(D) ROS production, (E) MMP. Data are expressed as the mean + SD. Statistical analyses were carried out using two- and one-way ANOVA followed by
Tukey's and Dunnett's post hoc tests, respectively. “P<0.05, “P<0.01 and ““P<0.001. (A-C) n=6 (D, E) n=16. LDH, lactate dehydrogenase; ROS, reactive oxygen
species; MMP, mitochondrial membrane potential; OA, oleate; PA, palmitate; BSA, bovine serum albumin.
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Figure 7. Effects of free fatty acids on TAG accumulation in HepaRG and HepG2 cells. (A) Lipid droplets were stained with Oil Red O and visualized under
a light microscope (magnification, x40). (B) TAG content in both cell lines (n=6). Relative gene expression of (C) CD36, (D) DGAT?2, and (E) FASN. (F) TAG
content of various FFAs in HepaRG cells. (G) TAG content of various FFAs in HepG2 cells. Data are expressed as the mean + SD. Statistical analyses were
carried out using two- and one-way ANOVA followed by Tukey's and Dunnett's post hoc tests, respectively. “P<0.01 and ““P<0.001. ns, not significant.
(C-E) n=6, (F, G) n=5. TAG, triacylglycerol; CD36, fatty acid translocase gene; DGAT?2, diacylglycerol O-acyltransferase 2 gene; FASN, fatty acid synthase;
OA, oleate; PA, palmitate; BSA, bovine serum albumin.
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Figure 8. Relative expression of 3-oxidation and mitochondrial biogenesis genes in HepaRG and HepG2 cells following exposure to free fatty acids. (A) CPT1A,
(B) HADHA, (C) PPARA, (D) LCAD, and (E) PPARGC1A. Data are expressed as the mean + SD. Statistical analyses were carried out using two- and one-way
ANOVA followed by Tukey's and Dunnett's post hoc tests, respectively. "P<0.05, “P<0.01 and “"P<0.001. ns, not significant. (A-E) n=6. CPT1A, carnitine
palmitoyltransferase 1A; HADHA, hydroxyacyl-CoA dehydrogenase trifunctional multienzyme complex subunit alpha; PPARA peroxisome proliferator-acti-
vated receptor alpha; LCAD, acyl-CoA dehydrogenase; PPARGC1A, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; OA, oleate; PA,

palmitate; BSA, bovine serum albumin.

differences were observed in LDH leakage, caspase-3 activity,
MMP and ROS production (apart from ROS production at
the 2 mM concentration) in the FFA-treated HepG2 cells.
Caspase-9 activity in HepG2 cells is not shown as the level
was below the detection limits.

HepaRG cells accumulate less TAG than HepG2 cells under
the control and FFA-treated conditions. To confirm whether
FFA exposure results in intracellular lipid accumulation,
TAG accumulation was visualized and quantified in both
cell lines following treatment with FFAs. It was confirmed
that both cell lines accumulated intracellular lipids, even at
a low concentration of 0.5 mM, as shown in Fig. 7A and B.
However, the HepaRG cells accumulated significantly less
TAG than the HepG2 cells. Following exposure to FFAs,

the HepaRG cells accumulated 4-fold less TAG than the
HepG2 cells. To assess whether the differences in TAG
accumulation were caused by differences in FFA transport
or TAG production, the mRNA expression of the fatty acid
translocase (CD36) and the TAG synthesizing (FASN and
DGAT?2) genes was measured. It was confirmed that the
mRNA expression of the fatty acid translocase (CD36),
FASN and DGAT2 genes was similar in both cell lines
(Fig. 7C-E). Subsequently, it was found that compared to
other concentrations of FFAs, the concentration that caused
the highest TAG accumulation without excessive cell death
was 2 mM OA/PA (1/1) in both cell lines (Fig. 7F and G).
Although 2 mM OA led to the highest TAG accumulation
in the HepaRG cells (Fig. 7F), it was coupled with excessive
cell death (data not shown).
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Genes regulating f3-oxidation and mitochondrial biogenesis
are more highly expressed in HepaRG cells than in HepG2
cells. To further assess TAG accumulation and lipid
metabolism in FFA-treated cells, the mRNA expression of
genes regulating -oxidation and mitochondrial biogenesis
was measured. It was found that compared to the HepG2
cells, the HepaRG cells had a higher mRNA expression of
(-oxidation-regulating genes [CPT1A (P<0.001), PPARA
(P<0.05) and LCAD (P<0.001; ~10,000-fold)] and of the
mitochondrial biogenesis-regulating gene (PPARGCI;
P<0.001) (Fig. 8A and C-E). Moreover, compared to the
controls, an increased mRNA expression of HADHA
(P<0.05) (Fig. 8B) and a slightly increased expression of
CPTI1A (expression increased by <50%) were observed in the
FFA-treated HepaRG cells. By contrast, the mRNA expres-
sion of HADHA and CPT1A in the FFA-treated HepG2 cells
was the same as that in the controls (apart from the CPT1A
gene at 2 mM).

Discussion

A greater variety and number of in vitro models suitable for
studying mitochondrial respiratory adaptations following
exposure to FFAs are required (13). The present study
assessed cellular energy metabolism, particularly mitochon-
drial respiration and lipotoxicity in FFA-treated HepaRG
and HepG2 cells. The findings revealed that compared to the
HepG2 cells, the HepaRG cells were more suitable for studying
mitochondrial respiratory adaptations in the developed early
model of NASH.

Mitochondria are an essential target for lipid metabolism
studies as they coordinate bioenergetic functions and maintain
cellular homeostasis by responding to changes in the cellular
environment, such as substrate flux and cellular stress (26).
There are contradictory reports from in vitro, in vivo and
clinical studies on mitochondrial respiration in NAFLD (8,11).
However, various clinical studies have provided evidence
of an augmented TCA flux, f-oxidation and mitochondrial
respiratory chain activity in patients with simple steatosis or
early-stage NASH (9,10). Although the majority of studies
using HepG2 cells have revealed a decreased mitochondrial
respiration following exposure to FFAs, the use of HepaRG
cells has not yet been fully explored (13). To thatend, the present
study assessed and compared mitochondrial respiration,
glycolysis, mitochondrial morphology, ROS production, MMP,
TAG accumulation, and cell death markers in FFA-treated
HepaRG and HepG2 cells. The present study revealed that
FFA-treated HepaRG cells exhibited an increased mitochon-
drial respiration, glycolysis, mitochondrial fragmentation,
ROS production, TAG accumulation, cell death and decreased
MMP. The findings from the HepaRG cells are in accordance
with the majority of studies supporting an increased mitochon-
drial respiration associated with a high ROS production in
early-stage NASH (8-10,46). They are also consistent with the
early-stage NASH model proposed by Feaver ef al (47) which
used a coculture of primary human hepatocytes and nonparen-
chymal cells to show that stimulated f-oxidation and ATP
production occurred in parallel with lipotoxicity following
exposure to FFAs. On the other hand, herein, the FFA-treated
HepG2 cells exhibited a decreased mitochondrial respiration,

increased ROS production [2 mM OA/PA (1/1)], mitochondrial
fragmentation and TAG accumulation, with no change in
MMP and cell death. The findings demonstrating a decreased
mitochondrial respiration in FFA-treated HepG2 cells are in
accordance with those of previous studies, although the find-
ings regarding lipotoxicity are inconsistent (15,16,45,48).

The analyzed parameters in non-permeabilized cells
revealed that mitochondria in the HepaRG cells adapted to
increased lipid accumulation by stimulating basal and leak
respiration, as an attempt to reduce accumulated fats by
increasing their oxidation beyond the control of ATP synthase
in coupled respiration. Pharmacological agents uncoupling
the mitochondrial respiration of hepatocytes have been shown
to reverse hepatic steatosis and insulin resistance in a rodent
model of NAFLD (49). Moreover, increased maximal respira-
tion, spare respiratory capacity and ATP-linked respiration
reflect the ability of FFA-treated HepaRG cells to cope with
exacerbated energy demands under acute cellular stress. At the
same time, the FFA-treated HepG2 cells and PRH (Fig. S1)
may not cope with the increased cellular energy demands
due to a decreased ATP content, a feature observed in the
late stages of NASH (50). Experiments using permeabilized
cells corroborated the findings from non-permeabilized cells
by showing increased complex I, and II-driven respiration
in FFA-treated HepaRG cells. Although the activities of
complexes III and IV did not differ significantly among the
groups, increased complex I and II activity likely stimulated
complex I and II-driven respiration in FFA-treated HepaRG
cells. In addition, it was also affirmed that complex I-driven
respiration and B-oxidation (PC/M) are likely responsible for
increasing ROS production as they had the most LEAK-driven
respiration compared to complex II-driven LEAK respira-
tion. An increased leak respiration reflects an electron leak
linked to ROS production (51). Although there are various
ROS producers within the mitochondria, complex I, IIT and
(-oxidation have been identified as some of the significant
ROS production sites (52,53). The stimulated -oxidation in
the presence of PC/malate was also supported by increased
expression of the genes controlling [3-oxidation in FFA-treated
HepaRG cells. Knockout studies have demonstrated that mice
lacking the HADHA gene have a decreased 3-oxidation (54).
By contrast, HepG2 cells exposed to FFAs showed decreased
complex I and II driven respiration, confirmed by decreased
activities of complexes I, II, IIT and IV [apart from 1 mM
OA/PA (2/1)]. The findings from HepG?2 cells are in accordance
with those of previous studies showing decreased complex I,
II, III, and IV activities in FFA-treated HepG2 cells (16,45).
In addition, analysis from ECAR confirmed that HepG2 cells
have significantly higher glycolysis than HepaRG cells (55,56).
Glycolysis was stimulated in FFA-treated HepaRG cells, but
not in FFA-treated HepG2 cells. High glycolysis in cancer cells
may also explain their increased complex I activity, which may
be necessary to maintain a favorable NAD*/NADH ratio to
drive glycolysis and cell proliferation (42,57). Accordingly,
the findings from HepaRG cells are in accordance with those
from mice on a high-fat diet, demonstrating the concurrent
stimulation of -oxidation, glycolysis (58) and ROS produc-
tion (59). All these findings suggest that FFA-treated HepaRG
cells displayed the critical adaptive mechanism of ‘mitochon-
drial flexibility’. By contrast, FFA-treated HepG2 cells failed
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to show this vital mechanism under the current conditions.
A progressive loss of ‘mitochondrial flexibility’ has been
implicated in developing and progressing obesity-related
comorbidities such as NAFLD (26).

Despite the attempts to decrease TAG accumulation
by increasing mitochondrial respiration, in the long run,
mitochondrial adaptations are insufficient to prevent lipo-
toxicity (5). This occurs as the adaptive responses also favor
augmented ROS production. After all, more electrons enter
the mitochondrial respiratory chain, likely increasing their
chances of inappropriately reacting with molecular oxygen
and causing mitochondrial and cellular damage (5). On that
note, various attempts have been made to develop mitochon-
drial-targeted antioxidants, and some of these compounds
have shown promising results in in vitro and in vivo NAFLD
studies (60,61). An increased ROS production in FFA-treated
HepaRG cells resulted in mitochondrial damage by increasing
mitochondrial fragmentation, distorting cristae, decreasing
mitochondrial content and inducing apoptosis. Although
excessive mitochondrial fragmentation is detrimental, it is
also associated with adaptive responses as it activates fatty
acid B-oxidation and mitophagy (62). Exposure to FFAs has
been shown to be associated with increased mitochondrial
fission proteins and decreased fusion proteins in HepG2
cells (44,45,48). For HepaRG cells, 24-h exposure to FFAs was
ideal as it allowed the authors to capture the coexistence of
physiologically incompatible processes (in the long run), such
as stimulated mitochondrial respiration and mitochondrial
damage. After all, prolonged exposure to FFAs will eventually
cause severe damage to the mitochondria and lead to a decline
in mitochondrial respiration followed by cellular demise. On
the other hand, it was surprising to observe that a significant
decline in mitochondrial respiration in FFA-treated HepG2
cells did not result in more severe mitochondria damage and
decreased cell viability. It is possible that the methods used
to evaluate cell death in the present study may not have been
as sensitive as those used in previous studies (45,48). Of note,
the study by Doczi et al (63) demonstrated that the viability
of HepG2 cells was not decreased by the complete inhibition
of mitochondrial respiration. Nonetheless, in agreement with
the study by Amorim et al (15), the FFA-treated HepG2 cells
exhibited compensatory mitochondrial proliferation marked
by the increased expression of the PPARGCIA gene and
citrate synthase activity, secondary to excessive mitochondrial
damage. The disruptions mentioned above are a mark of lipo-
toxicity, a complex process involving the deleterious effects
of FFAs and FFA-intermediates, leading to oxidative stress,
inflammation, insulin resistance, and cell death (NAFLD
progression) (64).

Hepatic lipid accumulation is the hallmark of NAFLD (21),
and the present study confirmed an associated increase in TAG
accumulation with the increased concentrations of FFAs in
both cell lines. However, the HepaRG cells had a 4-fold lower
TAG content than the HepG2 cells. The expression of FFA
transporter and TAG synthesis genes was similar in both cell
lines; therefore, it could not provide a plausible reason. On the
other hand, compared to the HepG2 cells, the HepaRG cells
had a higher expression of (3-oxidation regulating genes and
mitochondrial content. As previously demonstrated, LCAD
gene knockout mice develop hepatic steatosis due to decreased

[-oxidation (65). Based on the current data, it was speculated
that compared to the HepG2 cells, the HepaRG cells could
decrease their relatively low TAG content by increasing
[-oxidation, particularly since they have more mitochondria
than HepG2 cells. Finally, the difference in the TAG content
may also be explained by the difference in energy substrate
preference. As the HepG2 cells are more glycolytic (55,56),
they may preferably use glucose as the energy substrate over
fatty acids. Although the present study provided possible spec-
ulations on the differences in TAG between these cell lines, it
is worth noting that there are other plausible reasons described
in the literature that may also contribute to this finding, namely
the decreased secretion of low-density lipoproteins, low TAG
hydrolyzing enzymes and genetic mutations (PNPLA3/148 M)
observed in HepG2 cells (13).

Although the HepaRG cells provided similar findings to
clinical studies of early NASH, it is also equally essential
to highlight that 2D culture models are limited to optimally
represent the microenvironment of hepatocytes in vivo (13).
Therefore, this model could be further improved using cocul-
tures or 3D cultures to improve its reliability.

In conclusion, the present study demonstrated that the
HepaRG and HepG2 cells adapted differently to exposure to
FFAs. It was revealed that stimulated mitochondrial respira-
tion was associated with lipotoxicity in FFA-treated HepaRG
cells, but not in FFA-treated HepG2 cells. These findings
suggest that the HepaRG cells are more suitable for assessing
mitochondrial respiratory adaptations in the developed in vitro
model of early-stage NASH.
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